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INTRODUCTION
Smooth muscle within the walls of small resistance blood vessels plays a critical role in the response to metabolic needs of the organism by contracting or relaxing to regulate blood flow and to ensure adequate oxygenation of tissues. This fundamental physiological role depends on the contractile response of smooth muscle to an increase or decrease in intraluminal pressure, known as the myogenic response (1) . An increase in intraluminal pressure leads to an increase in cytosolic [Ca 2+ ] and, consequently, to activation of the Ca 2+ /calmodulindependent myosin light chain kinase (MLCK), phosphorylation of the myosin regulatory light chain (RLC 20 ) , and initiation of cross-bridge cycling and contraction (2) . An auxiliary regulatory mechanism that suppresses relaxation operates by agonist-mediated stimulation of select G protein-coupled receptors (GPCRs), which activates the RhoA-dependent kinase (ROCK), leading to phosphorylation and inhibition of the myosin light chain phosphatase (MLCP). This shift in the balance of MLCK/MLCP activities in favor of MLCK amplifies contraction at constant [Ca 2+ ] i , an effect known as Ca 2+ sensitization (3) . Both pathways contribute to the myogenic response and to the contractility of resistance arteries, which are important to blood pressure homeostasis (4) . However, blood vessels from smooth muscle MLCK-null embryos contract and show increased RLC 20 phosphorylation in response to both agonists and Ca 2+ (5) , and smooth muscle contracts in response to MLCP inhibitors in the absence of Ca 2+ (6) . These effects show that additional MLCK-independent signaling or phosphorylation mechanisms of physiological importance operate in smooth muscle. In addition, several kinases other than MLCK have been proposed to play auxiliary roles in smooth muscle regulation. They include the zipper-interacting kinase (DAPK3) (7), integrin-linked kinase (ILK) (8) , IBK (inhibitor B kinase 2) (9), and Pim kinase (10) . A newly developed dual Pim/DAPK3 inhibitor reduces caudal artery contractility and decreases blood pressure in spontaneously hypertensive mice (10) . These kinases phosphorylate RLC 20 , leading to smooth muscle contraction, but their specific physiological roles in the myogenic response have not been studied. Another Ser/Thr kinase reported to phosphorylate RLC 20 in vitro is the p90 ribosomal S6 kinase (RSK) (11) . We have shown that in isolated blood vessels, RSK-specific inhibitors suppress both Ca 2+ -and agonist-induced contractile force and reduce phosphor ylation of RLC 20 (12) . Furthermore, agonist stimulation leads to activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphoinositide-dependent kinase 1 (PDK1), both of which are required to phosphorylate and fully activate RSK (12) . Although ERK1/2 and PDK1 play physiologically relevant roles in the activation of smooth muscle contraction and cell proliferation (13, 14) , RSKs have not been implicated as their downstream effectors in smooth muscle. Because of the importance of vascular resistance in the determination of blood pressure, a full understanding of the pathways that regulate basal vascular tone and smooth muscle contractility is essential to develop new approaches to treat diseases such as hypertension and asthma, which involve smooth muscle dysfunction and-in many cases-do not respond well to current therapies.
There are four isoforms of RSK (RSK1 to RSK4), and all share an unusual molecular architecture with two enzymatic kinase domains in tandem: a regulatory C-terminal kinase domain (CTKD) and an N-terminal kinase domain (NTKD), connected by a linker sequence with several functionally important phosphorylation sites. The activation mechanism is complex (Fig. 1A) . Of the four isoforms, RSK1 and RSK2 are expressed in a more ubiquitous manner, and RSK2 is the more plausible candidate in smooth muscle (12) . For RSK2, activation is initiated by ERK1/2 docking to a sequence motif downstream of CTKD and phosphorylating Thr 577 in the CTKD activation loop, as well as Thr 365 and Ser 369 within the linker. The activated CTKD carries out cis-phosphorylation of Ser 386 within the so-called hydrophobic motif of the linker region, to create a docking site for PDK1 that phosphorylates the NTKD on Ser 227 in the activation loop, resulting in a fully active enzyme (15) . To follow RSK2 phosphorylation as a measure of its activity, we developed a method to pressurize arcades of mouse mesenteric arteries to have sufficient material to follow RSK2 phosphorylation status (Fig. 1B) .
Increased RSK activity has been reported in aortic cells from spontaneously hypertensive compared to normal rats (16) . RSK has also been identified in cultured aortic smooth muscle cells as a putative kinase for the Na + /H + exchanger isoform-1 (NHE-1), which controls intracellular pH and cell volume (17, 18) . Activating phosphorylation of NHE-1 on Ser 703 is increased in cultured smooth muscle cells from spontaneously hypertensive rats (SHR) and is linked to hypertension in humans (19, 20) . Activation of NHE-1 and cytosolic alkalinization are associated with vasoconstriction [reviewed in (20) ], but the mechanism underlying the vasoconstriction is unknown. Furthermore, it is not known whether or how RSK2 signaling through NHE-1 might contribute to the myogenic response, vascular resist ance, and blood pressure control.
There is considerable interest in the physiological functions of RSK2. Mutations in its gene, Rps6ka3, are associated with a rare, debilitating neurological developmental genetic disorder called Coffin-Lowry syndrome (CLS) (21) , which is recapitulated in mice lacking the gene (Rps6ka3 −/− ) (22) . However, no studies of the cardiovascular system in these animals (referred to as Rsk2 KO ) or patients have been described. We now report that Rsk2 KO mice had dilated resistance arteries, lower myogenic tone, reduced vascular myosin RLC 20 phosphorylation, and decreased basal blood pressure. In normal mice, we detected low levels of activating phosphorylation of RSK2, RLC 20 , and NHE-1, consistent with the involvement of this signaling pathway in basal blood pressure maintenance, and the phosphorylation of these proteins was increased during the myogenic contraction of mesenteric resistance arteries. As with RLC 20 , activation of NHE-1 in mesenteric arteries depended on RSK2 activity. Moreover, RSK2 activation of NHE-1 increased intracellular pH and led to an increase in intracellular Ca 2+ and augmented MLCK-dependent myosin activation. Our findings provide new insights into mechanisms for the modulation of blood flow in resistance arteries and blood pressure regulation, opening new avenues for future drug discovery.
RESULTS

Rsk2
KO mice have normal vasculature and normal expression of proteins involved in contractility As previously reported (22) , aged-matched male and female Rsk2 KO mice (fig. S1A) were significantly smaller than normal animals (WT = 30 ± 1.8g, n = 6 and Rsk2 KO = 19.3 ± 0.9g, n = 6, P < 0.05), but were nevertheless fertile and had normal life spans and healthy coats. The animals have supernumerary teeth typical of the CLS phenotype, which is characterized by craniofacial and dental abnormalities (22, 23) . Histology of second-, third-, and fourth-order mesenteric arteries from Rsk2 KO mice showed no obvious differences in structure or in the number of smooth muscle layers in the vessel wall compared to normal animals ( fig. S1B and table S1 ). Acetylcholineinduced dilation of mesenteric arteries isolated from Rsk2 KO mice, a measure of endothelial viability, was identical to that of arteries from normal animals ( fig. S1C) . Levels of myosin, actin, MLCK, ROCK, and MYPT1, as well as those of the guanosine triphosphate (GTP) exchange factors p63RhoGEF, LARG, and GEFH1, were similar in Rsk2 KO and wild-type (WT) mice; similarly, the abundance of the G proteins G q11 and G 12 , both of which are involved in Ca 2+ sensitization, was also similar in Rsk2 KO and WT mice ( fig. S2 ).
Small mesenteric arteries from Rsk2 KO mice are dilated with reduced myogenic constriction compared to vessels from normal animals First, we assessed whether the Rsk2 KO genotype affected the myogenic tone of small resistance arteries, as determined by pressure myography. We measured changes in diameter in isolated, small (140 to 180 m diameter), third-and fourth-order mesenteric arteries upon pressurization from 20 to 100 mmHg (Fig. 1C) . Arteries from Rsk2 KO mice constricted to a significantly lesser extent with each increased pressure step compared to vessels from normal littermates (Fig. 1D) . Constriction in response to increases in added K + were similar between Rsk2 KO and WT arteries, indicative of a normal depolarization-induced response ( fig. S1D ). Phenylephrine-induced responses were similar in both types of vessels, and median effective concentration (EC 50 ) values for phenylephrineinduced contractions were not significantly different (Fig. 1E) . However, the concentration response curve was statistically significantly shifted vertically for Rsk2 KO vessels, reflecting reduced initial tone.
Intraluminal pressure activates RSK2 in mesenteric arteries by 30 s, leading to increased phosphorylation of RLC 20 Next, we followed the time course of phosphorylation of both RSK2 and RLC 20 in mesenteric arteries in response to increase in intraluminal pressure from 0 to 80 mmHg using our pressurized mesenteric artery arcades. Specifically, we monitored the phosphorylation of RLC 20 on Ser 19 and of RSK2 on Thr 577 (mediated by ERK) and Ser 227 (mediated by PDK1) (Fig. 1, F and G) , using antibodies that we demonstrated to be specific ( fig. S3 , A to C). Phosphorylation of RSK2 on Ser 227 increased significantly by 30 s, the first time point measured following the pressure step, whereas phosphorylation of RSK2 on Thr 577 increased by 90 s (Fig. 1G ). In the resting state, we observed detectable, basal phosphorylation of both regulatory sites on RSK2, consistent with the notion that RSK2 signaling contributes to basal vessel tone (Fig. 1F) . Phosphorylation of RLC 20 on Ser 19 was significantly higher in normal vessels than in Rsk2 KO vessels under basal conditions (Fig. 1G) . After pressurization, RLC 20 phosphoryla tion increased significantly within 30 s in both normal and Rsk2 KO arteries but to a significantly lesser extent in the Rsk2 KO arteries (Fig. 1G) . Phosphorylation of RLC 20 is most likely the outcome of the combined and concurrent activities of MLCK, MLCP, and RSK2. Nevertheless, the onset of RSK2 activation was sufficiently fast enough to contribute to the pressure-induced myogenic response and accounts for ~25% of total RLC 20 phosphorylation.
RSK2 inhibitors relax myogenic tone and decrease RSK2 phosphorylation
To confirm the contribution of RSK2 to contraction of normal blood vessels, we used the selective pan-RSK inhibitor LJH685 (24) . Increasing concentrations of LJH685 significantly relaxed mesenteric artery myogenic constriction induced by 80 mmHg pressure ( Fig. 2A) . Preincubation of smooth muscle cells with the RSK2 inhibitor LJH685 and the ERK inhibitor U0126 significantly suppressed serum-induced phosphorylation of Ser 227 in RSK2 (Fig. 2B ). Inhibition by U1026 is consistent with the canonical scheme of RSK activation, in which RSK is downstream of the mitogenactivated protein kinase (MAPK) cascade (Fig. 1A) . These observations further implicate RSK signaling as a critical contributor to the contractile state of vascular smooth muscle.
Agonists induce RSK2 and RLC 20 phosphorylation in mouse mesenteric arteries We next investigated whether agonistmediated stimulation of mesenteric arteries also activated RSK2 signaling. We monitored the time course of phosphorylation of RSK2 and of RLC 20 in response to endothelin-1 (ET-1), angiotensin II (AngII), the thromboxane analog U46619, and phenylephrine in nonpressurized artery arcades. Within 30 s, phenylephrine stimulation led to a significant increase in RSK2 phosphorylation on both regulatory sites (Ser 227 and Thr 577 ), whereas the other agonists took 90 s to reach a significant increase at these sites (Fig. 3) KO and WT arteries at 40, 60, 80, and 100 mmHg. P < 0.001, P < 0.01, P < 0.01, and P < 0.01, respectively, determined by two-way analysis of variance (ANOVA arteries (3, 25) . On the basis of the time course of activation of RSK2 phosphorylation by the four agonists and by the suppression of phenylephrine-induced contraction ( Fig. 1E ), our data suggest that RSK2 activity also contributes to agonist-induced RLC 20 phosphorylation in mesenteric arteries, with phenylephrine being the most potent agonist. Last, phosphorylation was detectable on all RSK2 and MYPT1 sites under resting conditions, consistent with a contribution of RSK2 and RhoA/ROCK activity to basal resting tone in these vessels.
RSK2 phosphorylates RLC 20 but does not activate MLCP activity
Using purified, recombinant RSK2 and purified RLC 20 , we confirmed that when fully phosphorylated and activated by ERK2 and PDK1, RSK2 directly phosphorylated RLC 20 on Ser 19 ( Fig. 4A ). Purified MLCK served as a positive control. As we have reported that recombinant, activated RSK2 phosphorylated the phosphatase MYPT1 on Ser 668 (12), we determined whether this phosphorylation event changed MLCP activity by measuring the ability of MLCP thiophosphorylated by RSK2 or ROCK2 to dephosphorylate phospho-RLC 20 . MLCP activity was not inhibited by thiophosphorylation of MYPT1 by RSK2 but, as expected, was decreased by ROCK2, which phosphorylates MYPT1 on both KO smooth muscle or from beads in the absence of RSK2 antibodies (Fig. 4D ). After highspeed centrifugation to separate the cytoskeletal (200,000g pellet) and cytosolic (supernatant) fractions in lysates from resting and pressurized mesenteric arteries, RSK2, MLCK, and actin were found in both pellet and the supernatant (Fig. 4E) . Although the supernatant contained G actin monomers and small actin fragments, RSK2 in the supernatant was largely free rather than actin bound, because the amount detected did not change significantly with latrunculin B and cytochalasin or jasplakinolide treatment to favor depolymerization or polymerization of the actin cytoskeleton, respectively (Fig. 4F) . We conclude that in a manner similar to MLCK, a fraction of RSK2 is localized to the actin cytoskeleton, which may enable phosphorylation of RLC 20 .
Intraluminal pressure stimulates RSK2-dependent phosphorylation of NHE-1 to induce cytosolic alkalinization and an associated increase in [Ca
2+
] i in mesenteric arteries Because NHE-1 is a phosphorylation target for RSK2, we determined the impact of the loss of RSK2 on NHE-1 phosphorylation in smooth muscle. We found that under resting conditions, the phosphorylation of NHE-1 on Ser 703 was greater in normal than in Rsk2 KO mesenteric arteries (Fig. 5A ). The RSK inhibitors LJH685 and LJI308 both significantly reduced the phosphorylation of Ser 703 (Fig. 5B. ). Upon pressurization of normal mesenteric arteries to 80 mmHg, the phosphorylation of Ser 703 increased significantly within 30 s (Fig. 5C ). RSK2 antibody immunoprecipitated NHE-1 from mesenteric artery tissue homogenates (Fig. 5D ). Together, these data indicate that Ser 703 in NHE-1 is phosphorylated by RSK2, that RSK2 is associated with NHE-1, and that the time course of NHE-1 phosphorylation in response to intraluminal pressure is fast enough for this phosphorylation event to contribute to myogenic vasoconstriction. We then asked whether RSK2 regulated NHE-1 activity in blood vessels. We monitored intracellular pH with the ratiometric fluorescent pH indicator BCECF-AM in arteries pressurized to 60 mmHg in the presence of Na + -containing physiological salt solution (Fig. 6A ), lacking CO 2 / HCO 3 − to eliminate activity of the Na + /HCO 3 − exchanger. After pressurization, which led to alkalinization, NHE-1 activity was inhibited by removal of Na + from the perfusate, which resulted in a decrease in intracellular pH. Re-addition of Na + led to a statistically significant increase in pH in WT arteries, an increase that was statistically significantly suppressed in Rsk2 KO arteries. The rate and magnitude of recovery upon the addition of Na + served as a direct measure of NHE-1 activity. The magnitude of the recovery was statistically significantly greater in WT than in Rsk2 KO arteries, and the response was faster. Thus, RSK2 contributes to the regulation of NHE-1 activity in pressurized resistance arteries.
Increased RSK2 and NHE-1 activities have been reported in hypertensive rodents and humans, and we hypothesized that this was due to an increase in intracellular Ca 2+ resulting in arterial constriction. Therefore, we set out to determine whether stimulation of NHE-1 correlated with an increase in [Ca 2+ ] i . Because NHE-1 is stimulated by both low pH and phosphorylation, we first applied an acid pulse to stimulate NHE-1 activity (27 (Fig. 6B and fig. S5 ), and that this increase was blocked by the NHE-1 inhibitor cariporide (28) .
To investigate the correlation between intraluminal pressure, NHE-1 activity, and Ca 2+ -transient events, we imaged individual smooth muscle cells within an intact pressurized mesenteric artery loaded with Fluo-4 ( Fig. 6C and movie S1). Increasing the intraluminal pressure from 20 to 60 mmHg resulted in more Ca 2+ transient events. Conversely, the number of Ca 2+ transient events was reduced at 60 mmHg by the NHE-1 inhibitor cariporide (Fig. 6C ). Arteries were also treated with ryanodine to deplete ryanodine-sensitive Ca 2+ stores but not inositol trisphosphate (IP 3 )-mediated Ca 2+ stores (29) . Ryanodine reduced the number of Ca 2+ transients (Fig. 6 , C and D). At the higher pressure, cariporide significantly reduced the number of transients irrespective of the presence or absence of ryanodine (Fig. 6, C and D) . Thus, RSK2 activation of NHE-1 activity is correlated with an increase in intracellular Ca 2+ that is partially released from ryanodine-sensitive Ca 2+ stores.
Rsk2
KO mice have decreased basal blood pressure and normal cardiac output compared to WT animals Last, we investigated the possibility that blood pressure may be affected in Rsk2 KO mice due to altered vascular smooth muscle regulation. As measured by the tail cuff method during the day, the resting systolic blood pressure in both male and female Rsk2 KO mice was significantly lower compared to WT littermates (Fig. 7A ). This finding was confirmed using radiotelemetry in male mice, which also showed normal circadian rhythm in Rsk2 KO mice (Fig. 7A) . Heart rates (table S2), electrocardiogram intervals (table S2) , or heart/ body weight ratios (Fig. 7B) did not differ between the normal and Rsk2 KO mice, although Rsk2 KO mice are smaller than WT mice, as reflected in the reduced heart wall thicknesses (Fig. 7B) . To assess whether the lower basal blood pressure was correlated with cardiac abnormalities in Rsk2 KO mice, magnetic resonance imaging (MRI) imaging and histology were used to evaluate heart morphology and function (Fig. 7, C (Fig. 7D) . Thus, a dilated myocardium and/or defective cardiac function are unlikely to account for the decrease in blood pressure in the Rsk2 KO mice.
DISCUSSION
Here, we present evidence that RSK2 signaling in smooth muscle in resistance arteries contributes to an increase in vascular resistance and blood pressure (Fig. 7E) . In normal murine vessels, the activating phosphorylation of RSK2 and RLC 20 was statistically significantly increased by 30 s after pressurization. Although the time course of RLC 20 phosphorylation in Rsk2 KO vessels was similar, the maximum level was reduced by ~30%, both in the absence of pressure and after pressurization to 80 mmHg. Myogenic tone was also suppressed in Rsk2 KO by ~25% compared to normal arteries (Fig. 1D) . Likewise, an RSK-specific inhibitor suppressed myogenic contraction by ~25%. Together, these experiments suggest that the maximal contribution of RSK2 to myogenic force can reach ~25%. Furthermore, suppression of force by the RSK inhibitor demonstrated that the effect correlated specifically with RSK activity and is unlikely to be due to secondary changes in smooth muscle due to the altered genotype in Rsk2 KO mice. Apart from a role in myogenic (Fig. 1E) , giving an estimate for the contribution of RSK2 to vasoconstriction, at least for this agonist in mesenteric arteries. We have previously reported that the ROCK inhibitor Y27632 inhibits U46619-induced contraction in pulmonary arteries by about 60%, and subsequent addition of an RSK inhibitor reduces it further to about 10% above baseline (12) . Thus, the RSK contribution to contraction is not through modulating MLCP activity, as directly confirmed in the present study (Fig. 4B) ] i has been reported to rise within 150 ms, whereas RhoA-GTP increases with a 10-s lag after release of phenylephrine from caged phenylephrine in portal vein (30) . We have not resolved whether RSK2 activity contributes to early or late tension maintenance upon phenylephrine stimulation. However, we can conclude that all four agonists studied can activate RSK2 in mouse mesenteric arteries, with phenylephrine being the most potent, and that these agonists also activate RhoA/ ROCK-mediated Ca 2+ sensitization of force to different extents. An intriguing question focuses on the importance of these multiple signaling pathways and their agonist selectivity in driving vasoconstriction, and whether it is to provide redundancy for this critical function or to provide a more phasic or tonic type contraction to meet physiological demand or whether the different pathways and agonists uniquely activate additional pathways with different functions, such as smooth muscle proliferation.
Upstream signaling from agonists through GPCRs to RSK2 includes ERK-induced phosphorylation of RSK2, which is critical for its activation (Fig. 1A) . ERK is activated by phenylephrine, AngII, other agonists, growth factors, and integrins in various smooth muscle types. Multiple downstream targets of ERK have been implicated, including calponin, caldesmon, CPI17, and ILK, but their role in contractility is controversial. We suggest that RSK2 is a tenable downstream substrate of ERK and that it mediates ERK-associated contractility. Signaling upstream of ERK leads to c-Src-dependent transactivation of epidermal growth factor receptor, resulting in activation of Ras-, Raf-, MAPK kinase (MEK)-, and ERK-mediated cell growth and vascular remodeling by agonist-coupled GPCRs and mitogens (31) . NHE-1 has also been implicated in proliferation of smooth muscle such as in pulmonary hypertension. Thus, RSK2 may also play a role in vascular wall remodeling such as occurs in hypertension.
Resting blood pressure was statistically significantly lower in both male and female Rsk2 KO mice than in their normal littermates, in agreement with the lower resting tone and RLC 20 phosphorylation in the mice mesenteric vessels. Heart size/body weight and function evaluated by MRI were normal in the Rsk2 KO mice, suggesting that the decreased blood pressure was not due to decreased cardiac output. However, direct measures are needed to firmly establish that a decrease in vascular resistance is the root cause of the lower blood pressure. The regulation of normal and increased blood pressure is a complex phenomenon. The kidney is generally considered to play a key role. However, there is considerable evidence that changes in vascular tone alone are sufficient to cause hypotension or hypertension (32) (33) (34) . Our study has not determined a causal effect of vascular tone on blood pressure, but rather a correlation of the lower blood pressure, RLC 20 phosphorylation, and dilated resistance vessels with the Rsk2 KO genotype, and does not preclude the role of RSK2 in kidney function. Mice with conditional knockout of RSK2 in smooth muscle, which would need to be generated and investigated in future studies, would not exclude renal vascular effects on blood pressure but would address possible nonspecific or compensatory effects.
The myogenic response is essential for blood flow autoregulation. We found that both RSK2 and NHE-1 contribute to myogenic contraction. NHE-1 in cardiac myocytes is also proposed to be mechanically sensitive, responding to muscle stretch or osmotic cell shrinkage with increased [Na + ] i and [Ca 2+ ] i (35, 36) and to be ERK1/2 dependent (37). We propose that ERK1/2 activation of NHE-1 is mediated by RSK2 possibly through mechanosensitive integrins that activate ERK1/2 (38) and are involved in the myogenic response (39, 40) .
Experiments using Rsk2 KO arteries showed that RSK2 is a critical upstream activator of NHE-1-induced alkalinization associated with increased [Ca 2+ ] i and myogenic vasoconstriction. Resting pH in rodent mesenteric arteries is governed largely by a balance between acid extrusion by NHE-1 and the Na + -bicarbonate − transporter (41) . The relationship between smooth muscle pH and contraction is complex and varies in different kinds of blood vessels (42) . Changes in pH i are tightly linked to Ca 2+ i signaling and changes in artery tone (43) . Acidosis generally inhibits the Na + /Ca 2+ exchanger (44), the sarcoplasmic reticulum (SR) and plasmalemmal Ca 2+ adenosine triphosphatases (ATPases) (45, 46) , L-type Ca 2+ channels (47) , and the SR ryanodine-sensitive Ca 2+ release channels (42) , resulting in muscle relaxation (28) . IP 3 -and Ca 2+ -induced Ca 2+ release are also increased with alkalinization (42) . The increase in Ca 2+ associated with the RSK2/NHE-1-mediated alkalinization is expected to augment MLCK activity, RLC 20 phosphorylation, and myogenic vasoconstriction. These observations provide an explanation for the correlation of increased RSK2 and NHE-1 activities found in vascular smooth muscle when stimulated by AngII and the increased Na + /H + exchange activity associated with hypertension. In addition, these observations may explain the correlation between platelet aggregation, [Ca 2+ ] i , pH i , and blood pressure as observed in treated and untreated hypertensive patients (48) . Enhanced NHE-1 and RSK2 activity under pathological conditions and metabolic challenges would be expected to increase NHE-1-induced alkalinization and artery dysfunction, whereas under normal conditions the Na-bicarbonate exchanger would tend to buffer the large changes in pH that we observed with the myogenic response (43) . Ca 2+ influx and/or release from the SR through IP 3 receptor or ryanodine receptors, distributed over the continuous SR network in smooth muscle cells (49, 50) , result in various distinctive cytosolic Ca 2+ transients (51, 52) . We observed Ca 2+ transients in pressurized arteries, with or without treatment with ryanodine (which depletes Ca 2+ stores), and both were suppressed by cariporide. These findings show that SR ryanodine-sensitive Ca 2+ stores regulated by NHE-1 activity are a source of the Ca 2+ transients induced in myogenic Data are means ± SEM. *P < 0.05, ***P < 0.001, n = 4 mice and 6 arteries without ryanodine. *P < 0.05, **P < 0.01, n = 4 mice and 6 arteries with ryanodine treatment.
vasoconstriction. IP 3 -initiated Ca 2+ waves that propagate across the entire muscle cell from an initial release site (53) become inactivated at high [Ca 2+ ], accounting for the transient Ca 2+ wave (movie S1) (54) . Regardless of whether Ca 2+ waves are sourced from Ca 2+ influx, IP 3 -or ryanodine-sensitive stores, or all sources, our main finding is that inhibition of NHE-1 suppressed Ca 2+ transients in arteries and that NHE-1 activity is RSK2 dependent. Future studies will focus on the molecular mechanisms responsible for the [Na We found RSK2 and MLCK in the supernatant of artery homogenates, suggesting that they partition between the soluble and filament-enriched fractions. MLCK has been proposed to tether to actin through its N terminus and then to reach across the 40-nm gap to interact with myosin heads (55) . However, it is difficult to explain the ability of 1 to 4 M concentrations of MLCK, when tethered to actin, to phosphorylate the majority of the ~100 M myosin heads, and the same concern would apply to actin-bound RSK2. Further, RSK2 phosphorylates various cytosolic substrates, so it reasonable to expect that some portion remains fully solubilized in the cytosol and available to membrane-associated NHE-1. The C terminus of NHE-1 also acts as a membrane anchor for actin filaments through binding to the ERM family protein, ezrin, and is thus able to regulate cell shape and migration (56) . Last, RhoA/ROCK activity, which induces Ca 2+ sensitization with myogenic arterial contraction (57), may regulate NHE-1 activity (58). NHE-1 C-terminal modifications by other kinases and the binding of regulatory proteins, such as calmodulin, also alter the affinity of the NHE-1 transmembrane binding domain for H + i (59) . Thus, multiple regulatory processes may further modify NHE-1 activity. Their potential contributions to essential hypertension with dysfunctional Ca 2+ regulation in smooth muscle remain to be investigated. In conclusion, RSK2 provides a new procontractile signaling pathway that contributes to the regulation of basal vascular tone, myogenic vasoconstriction, and blood pressure.
MATERIALS AND METHODS
Rsk2
KO mice Rsk2 KO mice were a gift from W. J. Leonard [National Institutes of Health (NIH)] (60); they were generated as reported previously (22) and characterized ( fig. S1, A to D) . RSK1 and RSK3 protein expression levels in Rsk2 KO mice have been reported to be similar to those in normal mice (22) . All animal studies were performed under protocols that comply with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee at our institution.
Pressure myography
Freshly isolated third-or fourth-order mesenteric arteries (<180 m) were placed into Hepes-Krebs solution (118.4 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 4 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 2 mM CaCl 2 , 10 mM Hepes, and 6 mM glucose) and then mounted in a pressure arteriograph (Danish MyoTechnology or a custom made device), as previously described (61, 62) . The vessels were pressurized to 20 mmHg and then to 60 or 80 mmHg at 37°C and equilibrated for 30 min, brought back to 20 mmHg, and then exposed to incremental increases in pressure to 100 mmHg. Vessels were used only if they displayed robust endothelial cell viability, which was assessed at the end of an agonist-induced constriction using 10 M acetylcholine ( fig. S1C) 
Preparation of pressurized mesenteric artery cascades
Arcades of mesentery vessels amenable to pressurization to mimic the myography were developed to have a sufficient amount of vessel material to carry out biochemical experiments (Fig. 1B) . Whole mesenteric artery arcades (arteries of second to fourth order) were dissected from mice, and all open ends were closed with suture, incubated for 1 hour at 37°C in Hepes-Krebs buffer, cannulated, and pressurized to 80 mmHg using a sphygmomanometer (Riester Big-Ben Round, Germany). Before and immediately after a pressure step or agonist stimulation, arcades were frozen at 30 s, 90 s, and 5 min, respectively, and analyzed for phosphorylation of MYPT1 . Tissues were snap frozen in liquid nitrogen and transferred to a vial with 10% cold trichloroacetic acid/acetone to preserve the phosphorylation state as described previously (25) . Agonists were AngII (1 M) or endothelin 1 (10 nM), phenylephrine (1 M), and TXA2 receptor mimetic U46619 (1 M).
pH measurements
Freshly isolated third-fourth-order mesenteric arteries from WT and Rsk2 KO mice were incubated with 2 M BCECF-AM (Thermo Fisher Scientific, B1170) at 37°C for 20 min and extensively washed with Hepes-Krebs solution, mounted in a pressure arteriography chamber (The Instrumentation and Model Facility, University of Vermont, Burlington, VT, USA). Andor Revolution WD (with Borealis) spinning disc confocal imaging system was used to record intracellular pH. pH measurements were made by determining the ratio of emission intensity recorded using a 525/36-nm bandpass filter when the dye is excited at ~488-nm solid-state laser (pH dependent) compared to the emission intensity when the dye is excited at its isosbestic point of ~435 nm (non-pH dependent) with a lightemitting diode light source (pE-4000, CoolLED Ltd., Andover, UK), as described previously (64) . After loading, vessels were equilibrated at 37°C for 15 min at 20 mmHg and superfused (flow rate, ~3 ml/min) with Hepes-Krebs (pH 7.3) with the lumen filled with Krebs-Hepes solution. pH images were recorded over 300 ms period taken every minute. Three samples were recorded at 20 mmHg, and five samples were recorded at 60 mmHg. Upon Na + removal by replacing Hepes-Krebs buffer with Hepes-Krebs Na + -free buffer (NaCl was substituted with equimolar concentration of N-methyl-d-glucamine; Sigma-Aldrich, catalog number: M2004; pH 7.3). Seven samples were recorded, and upon reintroduction of Na + with Krebs-Hepes solution, 10 samples were recorded. At the end of each experiment, an in situ calibration curve was established. Arteries were treated with nigericin (Sigma-Aldrich, catalog number: N7143) and exposed to high K + depolarizing Hepes-Krebs solution of varying pH (6.3, 6.6, 6.9, 7.2, and 7.5) to equilibrate internal and external pH (65) . Background signal was collected in a mesenteric artery not loaded with BCECF-AM at 525 nm after excitation at 435 and 488 nM. pH was calculated as the ratio of 435/488 nm signal with background signal subtracted for each wavelength and pH interpreted from the calibration curve.
Ca
2+ measurements Ca 2+ signals in cultured smooth muscle cells grown from abdominal aortae from 2-month-old normal and Rsk2 KO mice and in third-order branches of mesenteric arteries. These cells were used to determine the role of RSK2 in regulating NHE-1 activity stimulated by a brief acid load because they allowed continuous Ca 2+ monitoring during the brief transient change in pH. Cells were imaged using an Andor Revolution WD (with Borealis) spinning disc confocal imaging system (Andor Technology, Belfast, UK), composed of an upright Nikon microscope with a 40× water-dipping objective (numerical aperture, 0.8) and an electron-multiplying charge-coupled device camera (63) . For Ca 2+ imaging of smooth muscle cells, cells were plated on glass bottom culture dishes (MatTek Corporation) and maintained in AmnioMAX medium plus supplement. Cells were incubated with Fluo-4 AM (Thermo Fisher Scientific) for 1 hour and washed with Hepes-Krebs solution, and Ca 2+ fluorescence was recorded as follows: (i) Hepes-Krebs, (ii) HepesKrebs-buffered 80 mM Na acetate (27) , (iii) Hepes-Krebs, (iv) Hepes-Krebs-buffered 80 mM Na acetate in the presence of cariporide, (v) Hepes-Krebs, and (vi) ionomycin. Equimolar Na acetate replaced NaCl in the control solution, and CaCl 2 was increased to 1.37 mM to keep [Ca 2+ ] constant. Ca 2+ concentrations were measured in a 1.7-m 2 region encompassing multiple confluent cells. Images were recorded from 12 to 22 cells in a field, with 999 frames taken for each field, and the mean and SEM were calculated for each condition. Fluorescence at saturating Ca 2+ was measured after ionomycin treatment and used to calculate [Ca 2+ ] (66). Mean Fluo-4 fluorescent intensities were as follows: WT control, NaAC, and ionomycin treatment = 536, 559, and 665, respectively, and Rsk2 KO = 544, 530, and 637, respectively. For Ca 2+ imaging of arteries, third-fourth-order branches of mesenteric arteries (~100 m internal diameter at 80 mmHg) were isolated into Hepes-Krebs, loaded with Fluo-4 AM (10 M) for 1 hour, washed for 30 min with HepesKrebs, cannulated, and incubated without or with 10 M ryanodine to inhibit ryanodine receptors, and fluorescent events were recorded. Images were recorded at 60 frames s −1 under the following conditions: basal pressure at 20 mmHg, 60 mmHg, and 60 mmHg plus cariporide (30 M). Fluo-4-bound Ca 2+ was detected by exciting at 488 nm with a solid-state laser and collecting emitted fluorescence using a 527.5-to 49-nm bandpass filter.
Measurement of blood pressure
Systolic blood pressure was measured in conscious male and female mice (15 WT and 9 Rsk2 KO , ages 5 to 15 months) by tail cuff using an MC4000MSP system (Hatteras Instruments Inc.). Animals were conditioned by placing them on the apparatus platform for 15 min/ day on two consecutive weeks, and "sham" measurements were taken. On the next two consecutive weeks, mice were placed on the platform daily, and at least 10 readings were taken. Conditioning and all blood pressure readings were performed at the same location, by the same operator, at the same time of day under quiet, low-light conditions. Two groups of 10-to 15-month-old and 5-to 7-monthold Rsk2 KO mice and their WT littermates were used. There was no statistically significant difference in blood pressure values between the two groups, so the data were pooled. Radiotelemetric blood pressure monitoring was measured in three WT and seven Rsk2 KO conscious male mice of the same age under unrestrained conditions. Continuous blood pressure measurements were performed using Dataquest A.R.T. 20 software (Data Sciences International, St. Paul, MN), as described previously (67) . Mice were allowed to recover for 7 days after surgery to regain their normal circadian rhythms before blood pressure measurements were initiated. Baseline systolic, diastolic, and mean arterial pressures and heart rate were recorded continuously over 7 days (at 1-min intervals) after the recovery period. The values over 7 × 24-hour periods were averaged to obtain the baseline day-or nighttime blood pressures.
Cardiac MRI and histology
These experiments were performed as described previously (68) . A 30-mm-diameter cylindrical birdcage radiofrequency coil (Bruker) with an active length of 70 mm was used, and heart rate, respiration, and temperature were monitored during imaging using a fiber-optic, MR-compatible system (Small Animal Imaging Inc., Stony Brook, NY). MRI was performed on a 7-T ClinScan system (Bruker, Ettlingen, Germany) equipped with actively shielded gradients with a full strength of 650 mT/m and a slew rate of 6666 mT m −1 ms −1
. Baseline left ventricular structure and function were assessed (68) . Six shortaxis slices were acquired from base to apex, with slice thickness equal to 1 mm, in-plane spatial resolution of 0.2 × 0.2 mm 2 , and temporal resolution of 8 to 12 ms. Baseline ejection fraction, end-diastolic volume (EDV), end-systolic volume (ESV), myocardial mass, wall thickness, and wall thickening were measured from the cine images using the freely available software Segment version 2.0 R5292 (http://segment. heiberg.se). EDV and ESV were then indexed to body mass. Mass-tovolume ratio was calculated as the ratio of myocardial mass to EDV.
Assay for RSK2 phosphorylation of RLC 20 Recombinant RSK2 was expressed, purified, and activated according to our established protocol (69) , with an additional purification step using Strep-Tactin resin before final size exclusion. RLC 20 (100 M) purified from turkey gizzard was incubated with either activated RSK2 (0.12 M) or MLCK (0.28 M) purified from turkey gizzard, serving as a positive control, for 10 min at 30°C in buffer containing 25 mM Mops-NaOH (pH 7.0), 10 mM MgCl 2 , 1 mM EGTA, 5% glycerol, 1 M microcystin-LR (MCLR), 1 mM adenosine triphosphate (ATP), 4 mM Pefabloc, and 0.5 mM tris (2-carboxyethyl) phosphine hydrochloride (TCEP). Sample buffer was added to the reaction mix, and samples were heated to 100°C for 5 min and subjected to electrophoresis and Western blotting. RLC 20 phosphorylation was expressed as the ratio of RLC Ser 19 phosphorylation to total RLC protein.
Phosphatase assay
The assays for MLCP were conducted as described previously (69) . Briefly, thiophosphorylation of recombinant MLCP complex (0.6 g: FLAG/MAT/Venus-MYPT1 + 3xHA-PP1) was carried out for 2 hours at 30°C with RSK2 (12 mU/l; BioVision) or ROCK2 (27 mU/l; SignalChem) in the presence of 0.1 mM ATPS and terminated by adding 2 M staurosporine. Aliquots of the thiophosphorylated MLCP were mixed with 2 M P-RLC 20 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) peptide as substrate. After 60-min incubation, at room temperature, phosphate released from the substrate was assayed using the Malachite green method (BioMol). The MLCP activity without ATPS was set as 100%. RSK2 activity was confirmed by phospho-dot blotting using RLC 20 as substrate.
WT and Rsk2 KO primary aortic smooth muscle cells Cultured smooth muscle cells were prepared from abdominal aortas from 2-month-old WT and Rsk2 KO mice, cleaned of adventitia, cut into 1 mm 2 pieces, and left undisturbed for 10 days in culture medium. Cells grown in serum-free medium were stimulated with serum in the presence and absence of LJH685 (10 M), the PDK1 inhibitor GSK2334470 (10 M), and the ERK1/2 inhibitor U0126 (10 M) added 4 hours before serum stimulation for 5 min.
RSK2 actin association assays
Mesenteric artery arcades and aortae from WT mice and WT and Rsk2 KO primary aortic smooth muscle cells were used for ultracentrifugation and immunoprecipitation experiments. For immunoprecipitation assays, WT and RSK2 KO mouse aortic smooth muscle cells were starved for 72 hours and lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor cocktail (PIC) (Sigma-Aldrich) and phosphatase arrest I (G-Biosciences). After equilibrating at 37°C for 1 hour, the TXA2R agonist U46619 (1 M) was added to abdominal aorta samples for 90 s before lysis. Lysates were centrifuged for 10 min at 4°C, 20,000g, and supernatant was applied to Protein G Sepharose 4 Fast Flow beads (GE Healthcare) preincubated with or without RSK2 monoclonal antibody (Santa Cruz Biotechnology) and incubated at 4°C for 2 hours. After centrifugation, beads were washed (four times) with RIPA buffer and prepared for gel electrophoresis. For ultracentrifugation experiments, mouse aortic smooth muscle cells (~90% confluency) or mesenteric artery arcades pressurized at 80 mmHg for 90 s were pretreated with or without jasplakinolide (200 nM) or latrunculin B (10 M) plus cytochalasin D (10 M) for 30 min. Preparations were lysed in low-salt buffer containing 50 mM NaCl, 50 mM tris, 5 mM MgCl 2 , 1 mM EGTA (pH 7.3), 1% PIC, and 1% phosphatase arrest I. Debris was precleared at 20,000g, and supernatant was centrifuged at 200,000g for 4 hours at 4°C in a Beckman Optima TLX ultracentrifuge. Pellet and supernatant were prepared for gel electrophoresis.
Immunoprecipitation assays
Lysates of mesenteric artery arcades were centrifuged for 10 min at 4°C, 20,000g, and supernatant was applied to Protein G Sepharose 4 Fast Flow beads (GE Healthcare) preincubated with or without RSK2 monoclonal antibody (Santa Cruz Biotechnology) and incubated at 4°C for 2 hours. After centrifugation, beads were washed (four times) with RIPA buffer and prepared for gel electrophoresis.
Western blotting
Proteins were transferred to polyvinylidene difluoride membranes and blocked with Odyssey blocking buffer, probed with primary
Data analysis
Data are presented as means ± SE. Statistical significance was determined using the two-tailed Student's t test (Microsoft Excel) and one-way ANOVA (GraphPad Prism) and Tukey's post hoc test. The level of statistical significance was set at P < 0.05.
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